Shell-ferromagnetic effects are observed in Ni-Mn-based off-stoichiometric Heuslers decomposed into ferromagnetic precipitates embedded in an antiferromagnetic matrix when the surface-to-volume ratio of the precipitates are sufficiently large. However, since the size of the precipitates have until now not been determined, it is not known which ratios are involved. Here we carry out a Scherrer analysis on decomposed specimens to determine the precipitate-size as a function of decomposition temperature and time.
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Off-stoichiometric Ni-Mn-based Heuslers with composition Ni 50 Mn 50x Z x (Z: Al, Ga, In, Sn, Sb) are multifunctional materials undergoing magnetostructural martensitic transitions 1 and have potential applications in the areas of magnetic shape-memory, 2,3 magnetocalorics, 4,5 and giant magnetoresistance; 6 all particularly in the room temperature range. In addition to multifunctionalities, these alloys are also interesting for studying basic physical phenomena such as kinetic arrest 7, 8 and intrinsic exchange bias; 9-11 as these phenomena can relate their complex, mixed-magnetic interactions at the microscopic scale precisely to their multifunctional capabilities at the macroscopic scale.
However, there is one property of these off-stoichiometric alloys that has been largely overlooked when dealing with their multifunctionalities: These alloys decompose into cubic (L2 1 ) ferromagnetic (FM) Ni 50 Mn 25 Z 25 and tetragonal (L1 0 ) antiferromagnetic (AF) Ni 50 Mn 50 components when annealed in the temperature-range 600 ≤ T a ≤ 750 K. [12] [13] [14] [15] [16] [17] The uncertainties in the metallurgical state of the studied samples caused by the decomposition occurring during various sample preparation processes, such as annealing and quenching, can have major consequences on the interpretation of the obtained data. Alone in this respect, studying the decomposition properties of these alloys is vital to the understanding of their multifunctional properties.
On the other hand, the decomposition itself opens up a new dimension in the palette of multifunctionalities in these alloys. A particularly interesting situation occurs when x = 5 and the sample is annealed at T a ≈ 650 K while a magnetic-field B ≈ 100 mT is applied. In this case, the resulting FM component consists of nanometer-sized shell-FM precipitates embedded in an AF matrix. The AF matrix causes the shell-spins of the precipitates to strongly pin in the direction of the applied field during decomposition, whereas the core-spins are 'loose'. The consequences of the shell-FM effect can be viewed at online videos. 18, 19 The Curie temperature T C of the core is about 320 K which corresponds to that of L2 1 Ni 50 Mn 25 Z 25 ; T C being nearly independent of the Z-element. The shell spins are so strongly pinned that they show vertically shifted minor hysteresis loop such that the the remanent magnetizations of the loops are always positive. [21] [22] [23] At room temperature, the spins begin a mehmet.acet@uni-due.de to flip only in fields exceeding 9 T, and their remanent configuration is maintained up to nearly the minimum decomposition temperature of 600 K. 24 It is thought that the shell-FM effect is observable when the surface-to-volume ratio of the precipitates are sufficiently large. If the precipitate grows too large, the volume becomes large, and the shell-FM effect becomes masked. However, since the size of the precipitates have until now not been determined, it is not known which ratios are involved for the effect to be observable, and therefore, what the optimum ratio would be. Here, we carry out a Scherrer analysis on decomposed specimens to determine the precipitate-size as a function of decomposition temperature and time on Ni 50 Mn 50x In 5 decomposed at various T a for various annealing times t a .
The sample was prepared by arc melting followed by quartz-glass-encapsulation under 300 mbar Ar and annealing at 1073 K for 5 days. It was then quenched in water at room temperature. The composition of the sample was determined by energy dispersive x-ray analysis to be Ni 48. 13 Mn 46.57 Mn 5.30 (nominal: Ni 50 Mn 45 In 5 ). The ingot was then ground to powder, passed through a 100 µm sieve, wrapped in Ta, sealed in a quartz tube and strain-annealed for a further 24 hours at 1073 K and quenched in water at room temperature. For the decomposition experiments, the powder was divided into twelve, encapsulated, and annealed at 650, 700, and 750 K each for 10 3 s (∼0.3 h), 10 4 s (∼2.8 h), 10 5 s (∼28 h), and 10 6 s (∼280 h).
X-ray diffraction (XRD) was carried out using a Panalytical X'Pert Pro diffractometer with Cu K-alpha radiation. A programmable divergence slit and a programmable receiving slit were set to illuminate and observe a 20 mm length of the sample, which was spread over a Si zero-background sample holder mounted on a spinner. A programmable receiving slit with a fixed height of 1.5 mm and a curved graphite monochromator were used before the detector. JANA2006 software was used for the refinements and the estimation of the FWHMs. 20 In general, the broadening of the spectral lines in an XRD pattern can provide information on strain and grain size. After correcting for the instrumental broadening, the grain-size (in the present case, the precipitate-size) can be estimated from
where D hkl is the precipitate size (diameter), h, k, l are Miller indices, the factor k is taken as 0.89, FWHM is the full-width-at-half-maximum corrected for the instrumental broadening and strain, and (θ) hkl is the peak-angle. FWHM can be expressed as the difference between the measured FWHM, (FWHM) meas , and the contribution from both strain effects and the instrumental resolution (FWHM) strain+ires so that for any hkl, 
so that as the reaction progresses, peaks related to the cubic structure begin to appear. The process is shown in fig. 1 . Fig. 1(a) shows the refined XRD pattern for the initial L1 0 tetragonal state (space group I4mmm). On annealing at 750 K for 10 5 s, the (400) and (422) peaks related to the cubic L2 1 phase appear, which are distinct and can be used for determining the precipitate-size. The refined XRD for a sample annealed at 750 K for 10 5 s is shown in fig. 1(b) . In addition to the peaks associated with the initial tetragonal state (tet initial), new peaks related to a new tetragonal phase (tet new) and a cubic phase also appear. Weak intensity peaks related to MnO are also observed.
The correction of the FWHM of the emerging (400) and (422) peaks for strain and instrumental resolution are made by comparing them to those of the peaks in the spectrum of a 100 µm Ni 50 Mn 25 In 25 reference Heusler powder-sample, which is prepared for these studies by annealing it at 800 • C for 24 h. The widths of the peaks for the reference material should be due entirely to the instrumental broadening, if the powder is strain-free. To check this, we compare the angle-dependence of the FWHM to that of a strain-free polycrystalline Si standard (Panalytical). Fig. 2 shows that the behavior of the FWHM for Ni 50 Mn 25 In 25 and the Si-standard are similar but with the angledependence for the Heusler shifted to slightly higher values. The shift can be due to residual strain. However this amount of shift has a negligibly small effect in determining the size of the precipitates determined below. In fact the broadening for Ni 50 Mn 25 In 25 can be used directly for the second term in eq. 2.
Since the decomposed state is obtained by annealing at elevated temperatures, it should be in a thermodynamically more stable state than the Ni 50 Mn 45 In 5 initial state. This would suggest that the initial state, obtained by quenching from 1073 K, could be strained. By inspecting the peak profiles in fig. 1(a) fig. 2 shows that the broadening is considerably greater indicating that the initial state is a strained state and that decomposition causes a release of the strain. This point is further discussed below.
The evolution of the patterns for T a = 750 K from the initial state to an annealing time of 10 6 s is shown in fig. 3 . Both the (400) and the (422) peaks of the cubic structure become narrower while gaining intensity as the annealing time increases. Similar situations are observed for T a = 650 and 700 K.
The log(t a )-dependence of the FWHMs are shown in fig. 4 for the three annealing temperatures. A realistic estimation could be carried out for only two annealing times at 650 and 700 K, whereas three values can be estimated for show that the values obtained from both peaks are in good agreement. In both cases, one sees that the size of the precipitate formed at 650 K does not vary as time progresses and remains at a value of about 4-5 nm. For T a = 700 and 750 K on the other hand, the precipitate grows further with increasing time. Fig. 4(f) shows the T a -dependence of the precipitate-size for 10 6 s annealing time obtained from both cubic peaks. The precipitate-size increases as T a increases.
The Scherrer analysis provides only an estimate of the average size and provides no information on the actual size distribution. Microscopy studies are required for a better size determination. Nevertheless, we can observe here a systematic increase of the the size of the precipitates with increasing T a and increasing t a . One exception, on the other hand, that sands out is the fact that for T a = 650 K, the particles grow to D ≈ 3-5 nm for t a = 10 5 s and lock to this size so that practically no further growth in size takes place although the number of precipitates increase with increasing time as observed in time-dependent-magnetization measurements carried out 650 K. 24 The surface-to-volume ratio of a sphere is 3/r, where r is the radius of the sphere. The estimated ratio for precipitates with D = 3 5 nm 
